A full-length cDNA encoding a metallothionein (MT)-like polypeptide, designated GmarMT1, was identified in an expressed sequence tag collection from germinated spores of the arbuscular mycorrhizal fungus Gigaspora margarita (BEG34). The GmarMT1 gene is composed of two exons separated by an 81-bp intron. It codes for a 65-amino acid polypeptide comprising a plant type 1 MT-like N-terminal domain and a C-terminal domain that is most closely related to an as-yet-uncharacterized fungal MT. As revealed by heterologous complementation assays in yeast, GmarMT1 encodes a functional polypeptide capable of conferring increased tolerance against Cd and Cu. The GmarMT1 RNA is expressed in both presymbiotic spores and symbiotic mycelia, even in the absence of metal exposure, but is significantly less abundant in the latter stage. An opposite pattern was observed upon Cu exposure, which up-regulated GmarMT1 expression in symbiotic mycelia but not in germinated spores. Together, these data provide the first evidence, to our knowledge, for the occurrence in an arbuscular mycorrhizal fungus of a structurally novel MT that is modulated in a metal and life cycle stage-dependent manner and may afford protection against heavy metals (and other types of stress) to both partners of the endomycorrhizal symbiosis.
Contaminated soils and waters are a major threat for the environment and for human health. Within the framework of emerging bioremediation technologies, much attention has been given lately to natural biotools capable of removing, containing, or detoxifying various environmental pollutants (Gadd, 2000; Barkay and Schaefer, 2001) . Basic and applied research has been mainly directed toward plants (Baker et al., 1999; Meagher, 2000; Reeves and Baker, 2000) and bacteria (Pieper and Reineke, 2000; Lloyd and Lovley, 2001; Watanabe, 2001) , whereas the kingdom of fungi, which represents a very versatile microbial entity, has remained largely unexplored. The extraordinary genetic and physiological diversity of fungi-particularly the richness of species found in soil-makes them key components of almost all ecosystems, with a great potential for bioremediation purposes. Especially interesting within this kingdom are mycorrhizal fungi, which represent direct links between plants and soil and which are often needed to ensure plant survival in heavily polluted areas. Arbuscular mycorrhizal (AM) fungi (Glomeromycota, Schü ßler et al., 2001) , which are ubiquitous root symbionts, are particularly attractive in this regard. In natural and agricultural environments, they significantly contribute to plant growth not only by improving mineral nutrition (Harrison, 1999; Gadkar et al., 2001) , but also by protecting plants against a variety of biotic and abiotic stresses, including heavy metal (HM) stress (Leyval et al., 1997) . Several studies indicate that an increased HM tolerance and other beneficial effects are conferred to the host plant by the AM symbiosis (Shetty et al., 1994; Hildebrandt et al., 1999; Tonin et al., 2001) . High levels of mycorrhizal colonization have accordingly been documented in agricultural soils with different kinds of HM contamination (Weissenhorn et al., 1995a (Weissenhorn et al., , 1995b . Although AM fungi are presently the object of an increasing attention and many international projects are aimed at exploiting their ecological potentialities for bioremediation purposes, no information about the molecular HM tolerance mechanisms operating in these organisms is currently available.
A complex network of transport, chelation, and extracellular and intracellular sequestration processes operates to maintain essential metal (e.g. Cu) homeostasis and to minimize the damage caused by nonessential metals (e.g. Cd; Sanità di Toppi et al., 2002) . A variety of membrane transporters controlling the trafficking of both types of metal ions (e.g. ATP-binding cassette-type transporters and the socalled cation diffusion facilitators) have been identified recently in plants and microorganisms (Clemens, 2001) . By comparison, only a fairly limited number of intracellular metal chelators have been identified so far. Citrate and His have been shown to act as major Ni chelators, whereas phytochelatins (PCs) and metallothioneins (MTs) are of primary importance in buffering the intracellular concentration of free thiophilic metal ions, such as Cu, Zn, and Cd (Clemens, 2001; Sanità di Toppi et al., 2002, and refs. therein) . The latter two are Cys-rich polypeptides that chelate metal ions through the formation of tetrahedrally coordinated metal-thiolate clusters. However, at variance with PCs, which are synthesized through the ribosome-independent polymerization of reduced glutathione-derived ␥-glutamyl-Cys units, MTs are gene-encoded (Robinson et al., 1993; Rauser, 1999; Cobbett, 2000) .
Fungal MTs and PCs have been characterized almost exclusively in yeasts. Brewer's yeast (Saccharomyces cerevisiae) contains a multigene MT (CUP1) family, which is mainly involved in Cu detoxification (Hamer et al., 1985; Ecker et al., 1986) , and the singlecopy MT gene CRS5 (Jensen et al., 1996) , but no canonical PC synthase gene (Mewes et al., 1997) . On the other hand, only one sequence annotated as a putative MT (accession no. CAB57404) has been reported so far in fission yeast (Schizosaccharomyces pombe), which, however, produces HM-chelating PC peptides through a plant-like PC-synthase enzyme (SpPCS; Clemens et al., 1999; Ha et al., 1999) . Budding yeast cup1 (Hamer et al., 1985; Ecker et al., 1986) and fission yeast SpPCS (Clemens et al., 1999) disruptants are both metal hypersensitive, as if distinct HM detoxification strategies were predominantly used by these two organisms. Some fungi, however, are able to synthesize both MTs and PCs. This is the case of Candida glabrata, for example, which produces MTs when exposed to toxic concentrations of Cu but produces mainly PCs in response to a Cd stress (Mehra et al., 1988 (Mehra et al., , 1989 . Only a few data are available for filamentous fungi (Munger et al., 1987; Singh and Ashby, 1998; Averbeck et al., 2001) .
The occurrence of MTs, PCs, or both, in mycorrhizal fungi is still a matter of debate (Leyval et al., 1997) . There are a few reports on MT-like sequences, obtained in the frame of expressed sequence tag projects. cDNAs coding for putative MT-like polypeptides have been identified in the ectomycorrhizal basidiomycete Pisolithus tinctorius (Voiblet et al., 2001) and in the AM fungi Gigaspora rosea (Stommel et al., 2001) and Glomus intraradices (accession no. BI451899; M.J. Harrison, personal communication). However, the metal sequestration capacity of these three predicted polypeptides and, thus, their actual MT-like nature have not yet been determined. Here, we describe the identification and functional characterization of GmarMT1, a MT-encoding gene from the AM fungus Gigaspora margarita. Besides documenting for the first time, to our knowledge, the existence of an MT-based HM detoxification machinery in AM fungi, we also show that the GmarMT1 mRNA is differentially expressed in symbiotic versus presymbiotic life cycle stages of G. margarita. These data raise interesting questions as to the possible role of MTs in metal detoxification and/or more general stress responses in AM fungi.
RESULTS

Identification and Sequence Analysis of the
GmarMT1 cDNA
A full-length cDNA similar to previously described MTs was identified in an expressed sequence tag collection from G. margarita germinated spores. This cDNA, named GmarMT1, codes for a 6.9-kD polypeptide with a predicted pI of 8.6. As shown in Figure 1 , other diagnostic features of GmarMT1 besides its small size are the presence of 14 cysteines, with only one aromatic residue (Tyr-23), on a total of 65 amino acids. Furthermore, all but two of such Cys residues are part of the characteristic MT motif C-X-C (underlined in Fig. 1 ). Also shown in Figure 1 , is the genomic sequence of GmarMT1, obtained from PCR experiments carried out with oligonucleotide primers designed on the 5Ј-and 3Ј-untranslated regions of the GmarMT1 cDNA. As revealed by comparison between genomic and cDNA sequences, a small (81-bp) intron, delimited by consensus splice junctions, is present in the GmarMT1 gene at position 200.
Interestingly, the GmarMT1 polypeptide could not be assigned to any of the six, presently classified subfamilies of fungal MTs (Binz and Kägi, 1999) . Additional insight into the putative G. margarita MT was, thus, obtained from an extended similarity search using the sequence of the predicted GmarMT1 polypeptide as a query. Quite surprisingly, all but one of the 20 most similar sequences identified by this analysis were type 1 MTs from plants. Besides a partial polypeptide sequence from the related fungus G. rosea (Stommel et al., 2001) , the only other non-plant GmarMT1 homolog within this set of sequences is a predicted (but as-yet-unclassified) MT-like polypeptide from the basidiomycete Agaricus bisporus (Eastwood et al., 2001) . As revealed by the multiple sequence alignment reported in Figure 2 , the GmarMT1 polypeptide can be subdivided more specifically into two distinct N-and C-terminal domains, each bearing three C-X-C motifs and separated by an approximately 28-amino acid spacer. The first of such domains best fits the sequence pattern of the corresponding domain of plant type 1 MTs even at amino acid residues other than the cysteines. The C-terminal domain and part of the predicted spacer, instead, most closely resemble the corresponding regions of the Agaricus MT-like polypeptide (Fig. 2) .
Functional Complementation Assays
yAP-1 is a transcription factor related to the mammalian AP-1 complex that positively controls various genes involved in HM and, more generally, oxidative stress tolerance in yeast (Kuge and Jones, 1994; Toone et al., 2001) . Although yeast MT genes are not direct targets of such an activator, ⌬yap-1 mutants are particularly sensitive to Cd and are, thus, suitable to highlight tolerant phenotypes induced by exogenous cDNAs (Wu et al., 1993) . To test whether GmarMT1 expression confers an increased tolerance to HMs, we transformed a ⌬yap-1 yeast mutant strain with the complete open reading frame of the GmarMT1 cDNA placed under the control of a constitutive yeast promoter provided by the expression vector pFL61 (Minet et al., 1992) . The empty pFL61 vector and the same vector carrying the MT2a cDNA from Arabidopsis (Zhou and Goldsbrough, 1994, 1995;  A. Bolchi and S. Ottonello, unpublished data) were used as negative and positive controls, respectively. The various yeast transformants were streaked onto synthetic dextrose (SD)-agar plates containing a linear 0 to 100 m gradient of CdSO 4 . As shown in Figure 3A , cells carrying the pFL61 vector alone grew only a very short distance into the Cd concentration gradient. In contrast, both positive control (MT2a) and GmarMT1 transformed yeast cells grew up to the highest Cd concentration. No difference between the three yeast transformants (pFL61-GmarMT1, pFL61-MT2a, and pFL61) was observed when similar assays were conducted on CuSO 4 or NiSO 4 gradients (both ranging from 0 to 3 mm, data not shown). The HM protection capacity of GmarMT1, evidenced by the above experiments, was further verified by similar but functionally more direct complementation assays carried out in a yeast mutant (⌬cup1) that is highly sensitive to HMs (especially Cu) because of the complete disruption of the MT-encoding locus CUP1 (Hamer et al., 1985; Ecker et al., 1986) . Confirming and extending the results obtained with the ⌬yap-1 mutant, an increased tolerance to CuSO 4 (0-200 m gradient; Fig. 3B ) and to CdSO 4 (0-10 m gradient; data not shown) was conferred to ⌬cup1 cells by the GmarMT1 cDNA. Once again, no differential sensitivity was observed when the three yeast transformants were plated onto 0 to 3 mm NiSO 4 gradients (data not shown).
GmarMT1 mRNA Expression Analysis
GmarMT1 mRNA expression levels were next analyzed by reverse transcriptase (RT)-PCR. Sequence- Figure 2 . Alignment of GmarMT1 with MT-like polypeptides from other organisms. The polypeptide sequence of GmarMT1 (boxed) was aligned with the partial sequence of a predicted polypeptide from G. rosea (Stoffel et al., 2001 ) and with seven of the best scoring sequences identified by BLAST analysis: Arabidopsis MT1A (National Center for Biotechnology Information [NCBI] accession no. P43392; Yeh et al., 1995; Zhou and Goldsbrough, 1995) ; Arabidopsis MT1C (NCBI accession no. Q38804; Zhou and Goldsbrough, 1995) Eastwood et al., 2001) . Amino acid residues that are identical in at least seven of the nine sequences are shown on a black background, and residues shared by all three fungal sequences are shaded gray; these two types of conserved residues are indicated with uppercase and lowercase letters, respectively, in the consensus pattern shown below the alignment. Gaps introduced to optimize the alignment are indicated by dots. specific amplification primers designed on the GmarMT1 sequence (MT1/MT2; underlined in Fig. 1 ) were initially tested on total DNA extracted from the host plant white clover (Trifolium repens). The negative results obtained from such control amplifications (data not shown) allowed us to exclude any crosshybridization with the plant genome. Total RNA extracted from quiescent spores, germinated spores, and mycorrhizal roots was then reverse-transcribed and used for RT-PCR analysis. The amount of cDNA obtained from different fungal samples was first quantified by amplifying a small aliquot with fungus-specific 18S rRNA primers (R1/R2) that did not recognize any sequence in the plant genome (data not shown). Balanced amounts of each cDNA sample were finally amplified with GmarMT1-specific oligonucleotide primers. As shown in Figure  4 , an amplified fragment of the expected size (174 bp) was obtained from all cDNA samples, thus, indicating that the GmarMT1 gene is expressed in all three stages of the G. margarita life cycle. The amount of amplified product, however, was considerably higher (7-to 8-fold) in quiescent and germinated spores than in symbiotic mycelia (Fig. 4) . Such a difference in GmarMT1 mRNA abundance was reproducibly observed regardless of the extent of AM colonization, which in different experiments varied from 30% to 60% of colonized segments.
The metal responsiveness of GmarMT1 was then investigated by measuring mRNA levels in germinated spores and symbiotic mycelia exposed for 24 h to increasing concentrations of either CuSO 4 or CdSO 4 . Data reported in Figure 5a show that Cu did not exert any appreciable effect on GmarMT1 expression in germinated spores, and the same result was obtained after Cd exposure (data not shown). GmarMT1 mRNA levels in symbiotic mycelia were similarly not affected by a Cd treatment (Fig. 5b) . When exposed to Cu, instead, the same symbiotic mycelia exhibited a significant increase in GmarMT1 mRNA abundance (approximately 4-fold) even at the lowest Cu concentration (100 m; Fig. 5c ).
DISCUSSION
MTs are ubiquitous Cys-rich metalloproteins with a characteristically low (or null) aromatic amino acid content (Robinson et al., 1993) . The possible occurrence of MT-like polypeptides in AM fungi was first suggested by electron energy loss spectroscopic analyses, which revealed the presence of polyphosphate granules containing S and N together with Al, Fe, Ti, and B in the fungal cytoplasm (Turnau et al., 1993) . However, neither the potential metal-binding polypeptides contained in such granules nor the genes coding for them were identified thereafter. The results of this work thus provide the first direct evidence for the occurrence of a functional MT gene in the genome of an AM fungus.
GmarMT1 Codes for a Functional MT
Standardized protocols for the genetic transformation of Glomalean fungi are not yet available (Harrier and Millam, 2001 ). We, thus, resorted to functional complementation assays in yeast (Thiele et al., 1986; Minet et al., 1992; Zhou and Goldsbrough, 1994) to unambiguously demonstrate that the GmarMT1 gene product can sequester metal ions, thereby conferring in vivo protection against HMs. Two distinct metal hypersensitive mutants (⌬yap-1 and ⌬cup1) and three different HMs (Cd, Cu, and Ni) were used for these assays. Only a Cd tolerance phenotype was observed in GmarMT1-transformed, ⌬yap-1 mutants. The ⌬yap-1 mutant is impaired in reduced glutathione/glutaredoxin and thioredoxin but not in MT synthesis (Kuge and Jones, 1994; Grant, 2001; Toone et al., 2001) . Therefore, it is likely endowed with a residual tolerance against Cu (the preferred ligand of yeast MTs) that is much too high to allow the detection of an increased Cu tolerance phenotype conferred by a transgene. Such a phenotype, in fact, was observed in an MT-deficient, ⌬cup1 mutant (Hamer et al., 1985; Ecker et al., 1986) , which upon GmarMT1 transformation became more resistant to both Cu and Cd. As furthermore expected for a thionein metal-binding protein, GmarMT1 failed to confer to either mutant an increased resistance against Ni, a metal with an exceedingly low affinity for thiolate groups.
GmarMT1 Identifies a Novel Class of Fungal MT-Like Polypeptides
The G. margarita MT displays fairly unique sequence features that distinguish it from known homologs of either fungal or plant origin (Binz and Kägi, 1999) . Its N-terminal domain is most similar to type 1 MTs from plants (Rauser, 1999) , whereas a much closer resemblance with a predicted fungal MT from A. bisporus (Eastwood et al., 2001) is observed at the level of its C-terminal domain. The GmarMT1 polypeptide, thus, appears to comprise two evolutionarily distinct domains, one of which is more closely related to plant MTs than to any known fungal MT. Because of this peculiar structural organization and region-specific similarity with an as-yetunclassified fungal MT, GmarMT1 could not be assigned to any of the presently categorized fungal MT subfamilies (Binz and Kägi, 1999) . Additional proof of the authentic AM fungal origin of GmarMT1 was provided by the isolation of its corresponding genomic sequence. This also revealed the presence of a short intron separating the region coding for the predicted C-terminal domain (exon 2) from the rest of the coding sequence (exon 1). Besides the Nterminal domain, the first exon of GmarMT1 encodes a putative intervening spacer that comprises the only aromatic residue found in the entire protein.
Interestingly, a similar two-exon organization with a centrally located intron and a conserved Tyr residue within the spacer is also found in the genes for Arabidopsis (and other plants) MTs. At variance with GmarMT1, however, Arabidopsis exon 1 only encodes for the N-terminal domain, whereas the spacer and the C-terminal domain are both encoded by exon 2.
In many eukaryotes, including Brewer's yeast, MT genes are organized into tandemly repeated multigene clusters (Hamer et al., 1985; Mehra et al., 1990) . So far, the extremely limited amount of genomic DNA that can be extracted from the spores of G. margarita (an obligate biotroph) has unfortunately precluded a direct examination of MT gene multiplicity in this organism.
Differential Expression of the GmarMT1 mRNA
GmarMT1 is expressed in presymbiotic spores and in symbiotic mycelia. Lower expression levels, however, were consistently measured in mycorrhizal roots (sampled at different colonization densities) compared with spores (Fig. 6 ). Considering that MTs are known to respond to a variety of stresses besides HM exposure (Liu and Thiele, 1997; Kondoh et al., 2001) , one may imagine that such an expression pattern somehow reflects a generalized stress situation occurring within the "free-living" spores of an obligate biotrophic organism. This situation, in which the fungus suffers from both C and N starvation (Bago et al., 1999), contrasts with the more favorable conditions experienced inside the roots by the symbiotic mycelium (Smith, 1979) . Interestingly, Glc starvation is known to activate MT (CUP1) genes in Brewer's yeast (Tamai et al., 1994) , and various other metalunrelated stresses (e.g. wounding, pathogen infection, and senescence) similarly up-regulate MT expression in both plants and fungi (Buchanan-Wollaston, 1994; Coupe et al., 1995; Choi et al., 1996; Butt et al., 1998; Averbeck et al., 2001) . Two features shared by these seemingly diverse stress conditions are an increased production of activated oxygen species and a frequent occurrence of cell death events. Because of their limited life span (and compromised metabolic situation), it is likely that similar events also occur in germinating AM spores. After germination, their hyphae elongate for about 15 to 20 d, after which many morphological modifications occur, including cytoplasmic retraction, production of septa, development of lateral branches, and swollen apices. All of these events correlate with a compromised metabolic situation and the arrest in hyphal growth (Bianciotto and Bonfante, 1999) .
In keeping with this view, oxidative stress response genes, such as those coding for superoxide dismutase and glutathione S-transferase, were found to be expressed at high levels in germinated spores of G. margarita (Lanfranco et al., 2000; L. Lanfranco, unpublished data) . A generalized, and preexisting activation of stress response genes in spores might also explain the lack of metal-induced GmarMT1 mRNA up-regulation in this particular stage of the fungus life cycle. Metal-dependent up-regulation, in fact, was only observed in symbiotic mycelia (Fig. 6 ), as if a basal GmarMT1 expression state, such as the one associated to this more favorable growth condition, were a necessary prerequisite for responding to the stress ensuing from metal exposure.
An alternative explanation is that GmarMT1 upregulation in symbiotic mycelia might be caused in- Figure 5 . GmarMT1 mRNA expression levels after metal exposure. Balanced amounts of total RNA extracted from germinated spores (a) and mycorrhizal roots (b and c), either untreated or exposed to the indicated concentrations of CuSO 4 or CdSO 4 , were reverse-transcribed and amplified with GmarMT1-specific primers (MT1). The 18S rRNA was used as an internal calibration standard for all reactions (18S). The sizes and migration positions of GmarMT1 (MT1) and 18S rDNA (18S) amplicons are indicated. Template RNA was omitted from reaction mixtures shown in lane Ϫ; DNA size markers (HaeIIIdigested pUC18) were run in lane M.
directly by a secondary stress resulting from metalinduced damage to the host root.
Similarly to what has been reported for other unicellular and multicellular fungi relying on MTs to control Cu homeostasis (Mehra et al., 1988; Thorvaldsen et al., 1995; Liu and Thiele, 1997) , GmarMT1 responded to Cu, but not to Cd exposure (Fig. 6 ). This selectivity of response, which contrasts with the joint protective effect observed upon constitutive overexpression of GmarMT1 in metal-hypersensitive yeast mutants, likely reflects the Cu specificity of the transacting factors regulating GmarMT1 expression in its natural host. It will, thus, be interesting to identify putative metal (and other stress) response elements in the GmarMT1 promoter and to test their role in controlling MT expression by either homologous or heterologous reporter gene experiments.
MTs and HM Tolerance in AM Fungi
In both Brewer's yeast (Hamer et al., 1985; Ecker et al., 1986; Jensen et al., 1996) and C. glabrata (Mehra et al., 1988; Thorvaldsen et al., 1995) , MTs have been shown to be the chief effectors of Cu tolerance. By contrast, a plant-like PC synthase (Clemens et al., 1999; Ha et al., 1999 ) and a P1-type ATPase (Riggle and Kumamoto, 2000) seem to play major roles in the detoxification of Cu in fission yeast and C. albicans, respectively. This variety of metal protection strategies, which sometimes coexist in a single organism, raises a question as to the actual role of GmarMT1 in Cu detoxification and to the possible existence in AM fungi of additional HM protection mechanisms, besides MTs. A second, more general question, prompted by the obligate symbiotic and endomycorrhizal nature of AM fungi and by the metal protective effects that are thought to be exerted by plant MTs (Murphy and Taiz, 1995; van Hoof et al., 2001) , is whether mycobiont-derived MTs, such as GmarMT1, can confer an increased HM tolerance to host plants. What is becoming increasingly clear, however, is that mycorrhizal fungi contribute not only to plant nutrition, but also to the uptake and detoxification of various environmental pollutants, including HMs (Perotto and Martino, 2001) . Understanding the molecular bases of HM tolerance in this symbiotic system will, thus, also aid the selection of the most effective AM isolates (Tonin et al., 2001; Turnau et al., 2001 ) and plant-fungus combinations for bioremediation and soil protection purposes.
MATERIALS AND METHODS
Biological Materials
Spores of Gigaspora margarita (BEG 34) were collected from pot cultures of mycorrhizal white clover (Trifolium repens) and sterilized with 4% (w/v) chloramine T/0.004% (w/v) streptomycin, plus four rounds of sonication. To induce germination, spores were incubated in water at 24°C for 2 weeks. Mycorrhizal roots were obtained from pot cultures of white clover. The percentage of total infected root lengths was evaluated with the grid-line intersect method of Giovannetti and Mosse (1980) . Mycorrhizal plants were collected from pot cultures, and cleaned roots were submerged for 24 h in water solutions containing increasing amounts of CuSO 4 (100 and 300 m) or CdSO 4 (50, 150, and 300 m). Germinated spores were exposed for the same length of time to 500 m CuSO 4 or 300 m CdSO 4 dissolved in water. The G. margarita (germinated spores) cDNA library, with an estimated complexity of 50,000 recombinant clones, was constructed into the TriplEx II vector using the SMART cDNA library construction kit (CLONTECH Laboratories, Palo Alto, CA). Individual clones were randomly selected and sequenced (Lanfranco et al., 2000) . 
PCR Amplifications
Genomic DNA was extracted from spores, mycorrhizal roots, or leaves as described by Lanfranco et al. (1999) . PCR reactions were carried out in a final volume of 50 L containing 10 mm Tris-HCl, pH 8.3, 50 mm KCl, 1.1 mm MgCl 2 , 0.01% (w/v) gelatin, 200 m of each dNTP, 1 m of each primer, 50 to 100 ng of genomic DNA, and 2 units of REDTaq DNA polymerase (Sigma, St. Louis). The PCR program was as follows: 95°C for 3 min (1 cycle), 92°C for 45 s, 45 s annealing at temperatures indicated below, 72°C for 45 s (30 cycles), and 72°C for 5 min (1 cycle).
The oligonucleotide primers MTG1 (5Ј-ATCAAATAAGTATATCTCTC) and MTG2 (5Ј-TTTGAACCCAATATACAACG) were employed for genomic GmarMT1 amplifications at an annealing temperature of 48°C. The primers MT1 (5Ј-TGTGGTTCCGCTTGTCAATG) and MT2 (5Ј-TTTACAGTTGCCTT-TGGTGC) were used to amplify a specific subregion of the GmarMT1 coding sequence at an annealing temperature of 60°C. R1 (5Ј-GAATTTCTACCTTCT-GGGGAAC) and R2 (5Ј-TCGACCATTCAAAAGAATAGCCTG), two oligonucleotide primers specifically recognizing the G. margarita 18S ribosomal gene were used at an annealing temperature of 60°C. PCR products were separated on 1.2% (w/v) agarose gels and visualized by ethidium bromide staining. Negative controls for all PCR experiments consisted of reaction mixtures from which template DNA was omitted.
Cloning and Sequencing
The PCR product amplified from genomic DNA was extracted and purified from agarose gels using the QIAEX II Gel Extraction Kit (Qiagen USA, Valencia, CA) and directly cloned into the pGEM-T vector (Promega, Madison, WI). XL-2 Blue ultracompetent cells (Stratagene, La Jolla, CA) were transformed and plated onto selective medium following the manufacturer's instructions. Plasmid DNAs were prepared with the Qiagen Plasmid Mini Kit. DNA sequences were determined by MWG Biotech (Ebersberg, Germany) using T7 and Sp6 primers. The genomic sequence of GmarMT1 has been submitted to the DNA data bank of Japan/EMBL/ GenBank databases under accession number AJ421527. DNA sequence analyses were performed with the PC/gene software (IntelliGenetics, Mountain View, CA) and the BLASTX software available through the NCBI.
RT-PCR Analyses
RNA was extracted from about 100 spores or 100 mg (fresh weight) of mycorrhizal roots using the SV Total RNA Isolation System kit (Promega). Before RT-PCR experiments, RNA was treated (30 min, 37°C) with RNasefree DNase (Amersham, Buckinghamshire, UK), extracted once with phenol: chloroform:isoamylalcohol (25:24:1, v/v), precipitated with 2 m LiCl, and resuspended in 20 L of sterile diethyl pyrocarbonate-treated, doubledistilled water. All of the above RNA samples were routinely checked for DNA contamination by RT-PCR analyses conducted with the 18S rRNA universal primers NS1/NS2 (White et al., 1990) , in the presence or absence of RT. When appropriate, reverse transcription reactions were performed in a final volume of 20 L containing 50 mm Tris-HCl, pH 8.3, 75 mm KCl, 3 mm MgCl 2 , 10 mm dithiothreitol, 1 m dNTPS, 1 unit of RNaseOUT (Invitrogen, Carlsbad, CA), 500 ng of the ribosomal primer NS2 (White et al., 1990) , 1 L of total RNA, and 200 units of SuperScript II RT (Invitrogen). After 50 min at 42°C, a PCR mix was added consisting of 10 mm Tris-HCl, pH 8.3, 50 mm KCl, 1.1 mm MgCl 2 , 0.01% (w/v) gelatin, 200 m of each dNTP, 500 ng of the NS1 primer, and 2 units of REDTaq DNA polymerase (Sigma). The same PCR mix, but with both NS primers, was added to parallel samples not subjected to reverse transcription. The PCR program was as follows: 95°C for 3 min (1 cycle), 92°C for 45 s, 50°C for 45 s, 72°C for 45 s (30 cycles), and 72°C for 5 min (1 cycle).
An essentially identical RT-PCR protocol, except for the use of random primers (Invitrogen) and a higher amount (8 L) of total RNA in the initial reverse transcription step, was used for GmarMT1 mRNA determinations. The amount of reverse-transcribable RNA contained in the different samples was first determined by RT-PCR using oligonucleotide primers (R1/R2; see above) specific for the G. margarita 18S rRNA. Internally balanced amounts of RNA and the sequence-specific primers MT1/MT2 (see above) were then used to amplify the GmarMT1 cDNA. PCR reactions (annealing temperature of 60°C) were allowed to proceed for different number of cycles to determine the exponential phase of amplification.
The One-Step RT-PCR kit (Qiagen USA) was used for RT-PCR experiments conducted on RNA extracted from HM-treated samples. Reactions were carried out in a final volume of 25 L containing 5 L of 5ϫ buffer, 5 L of Q-solution, 400 m dNTPs, 0.6 m of each primer, 1 L of One-Step RT-PCR enzyme mix, and 0.1 to 2 L of total RNA. Samples were incubated for 30 min at 50°C, followed by a 15 min incubation at 95°C. Amplification reactions (92°C for 45 s, 60°C for 45 s, and 72°C for 45 s) were run for a maximum of 26 cycles.
RT-PCR products were quantified by densitometric analysis of ethidium bromide-stained bands (Multi-Analyst/PC software, Bio-Rad, Hercules, CA); RT-PCR experiments were conducted in triplicate on three independent samples.
Yeast Complementation Assays
The full-length GmarMT1 sequence was first amplified under standard PCR conditions using the NotI site-containing primers MTA (5Ј-TGACATT-GCGGCCGCAAAATGTGCCAAAATTGTA) and MTB (5Ј-ACTTCGAGCG-GCCGCAGAAATTAGCATTTACAGT) at an annealing temperature of 50°C. The resulting product was digested with NotI and cloned into the dephosphorylated NotI site of the yeast expression vector pFL61 (Minet et al., 1992) . The pFL61-GmarMT1 construct, the empty pFL61 vector, and a positive control pFL61 derivative carrying the cDNA for the Arabidopsis MT2a MT (A. Bolchi and S. Ottonello, unpublished data) were then transformed (Rose et al., 1990) into chemically competent ⌬yap-1 (strain WYT; Kuge and Jones, 1994) or ⌬cup1 (strain DTY 113; Tamai et al., 1994) yeast mutants. The various transformants were grown at 30°C for 3 d on selective (Ϫuracil) SD-agar medium, before being transferred to SD-agar plates containing linear concentration gradients of Cd, Cu, or Ni (Cunningham et al., 1986) . Gradient plate assays, performed at the HM concentrations specified in "Results," were conducted in triplicate.
